It is shown that the preferred cell size and the area ratio of the ascending region to the descending one depend on the mean vertical velocity and the static stability of the atmospheric layer in which the connections are imbedded.
Inspection of each term of energy equations indicates that the preferred convection is of the mode for which the potential energy of the layer is at the lowest. Since the potential energy represents the static stability of the layer, the minimum value of the mean temperature lapse-rate can be observed when the preferred convection is realized.
1. Introduction Bjerknes (1938) and Petterssen (1939) first pointed out that the cumulus convection characterized by the adiabatic ascent of saturated air through a dry-adiabatically descending environment in a conditionally unstable atmosphere could never grow unless the ratio of the area of the ascending cloud region to that of the descending cloudless region is below a critical value which depends on the static stability of the atmospheric layer. Extending the theory introduced by Bjerknes and Petterssen to the atmospheric layer with a net vertical mass transport, Cressman (1946) investigated the effect of mean vertical motion in cumulus cloud mass and showed that convective cloud mass can increase as mean ascending motion is larger while it can decrease as mean descending motion is larger.
The linear hydrodynamic stability analysis of a conditionally unstable atmosphere has been performed by some authors. First of all Haque (1952) considered an infinite area which allows the static stability to change sign with the sense of the vertical motion in order to approximate the effects of moist updraft and dry downdraft in a conditionally unstable atmosphere. Then he showed that a critical finite size of saturated ascending motion region exists to destabilize the perturbation with an infinite size of dry descending motion region. The growth rate of unstable perturbation, however, increases as the size of the ascending region decreases without limitation. Lilly (1960) considered a slab symmetry convection with a finite domain of the descending motion associated with an ascending motion in a conditionally unstable atmosphere.
Then he showed that a smaller size of the descending domain tends to stabilize the convection and the growth rate becomes zero when the ratio of the ascending area to the descending area is equal to the ratio of the static stability for the ascending area to that for the descending area. This is coincident with Bjerknes' result based on the slice method. Taking into account viscosity and conductivity in the perturbation analysis mentioned above, Kuo (1961) obtained a definite size of the ascending area at which a critical Rayleigh number of the ascending area is minimum. Still he could not obtain a finite area of the descending motion to minimize the critical Rayleigh number because the descending area is infinitely large as the critical Rayleight number is smaller. Extending Kuo's analysis to the super-critical convection and the finite-amplitude convection, Yamasaki (1972 Yamasaki ( , 1974 showed that the preferred size of an ascending area for which the growth rate is a maximum is uniquely determined while the growth rate increases with an increase in descending area similarly to Kuo's. This comes from the fact that the descending motion always acts as a stabilizing factor in the pseudo-adiabatic process in a conditionally unstable layer which is completely different from the convection in an absolutely unstable layer. Kuo (1965) thus introduced a hypothesis that the preferred mode of cumulus convection is the one for which a net percentage rate of production of available potential energy due to release of latent heat is a maximum and he suggested that a definite descending area as well as an ascending one is determined as the preferred convection employing the selection hypothesis. Asai and Kasahara (1967) proposed a simplified cumulus convection model which consists of two circular concentric air columns, the inside column corresponding to the updraft cloud region and the outside concentric annular column to the downward motion region. Then it was found that the ratio of the updraft area to the downward motion area is uniquely determined for a given static stability by imposing an assumption that the cumulus convection transports heat upwards most efficiently. However, they were not able to determine a horizontal scale of the preferred convection. Revising the cumulus convection model by taking into account the vertical eddy exchange of momentum, obtained a steady convection with a finite horizontal scale transporting heat upwards most efficiently which was regarded as the preferred mode of cumulus convection. On the other hand, for the moist atmospheric layer heated below and cooled above Asai (1968) adopted the selection hypothesis that the preferred steady cumulus convection is the one which realizes at a minimum value of the temperature lapse-rate. Kitade (1972) dealt with the perturbation in a conditionally unstable layer with a mean vertical motion. He showed that the cumulus convection in the layer with mean upward motion has a smaller lowest Rayleigh number, wider preferred updraft area and smaller compensating downward motion area than does the cumulus convection in the layer with mean downward motion. Thus a definite horizontal scale of the preferred cumulus convection was found for the layer with mean upward motion. His study, (Ogura and Phillips, 1962) .
where The x and z are the horizontal and vertical coordinates, respectively, perpendicular to the roll axis, t is the time, u and w are the velocity com-ponents in the x and z directions, respectively. The non-dimensional variable *(p/p00)(cp-cv) /cp is used instead of the pressure p in the equations of motion. Here p00 is a reference pressure, Cp and Cv are the specific heats of air at constant pressure and constant specific volume, respectively. T0, *0, *0, T, * and * are the horizontally averaged initial basic temperature, potential temperature, pressure equivalent and their departures from the respective initial basic values. However, T0 and *0 appearing only in (2.1) and (2.2) are assumed constant under the Boussinesq approximation. g is the acceleration of gravity, * and k are the coefficients of eddy viscosity and conductivity which are assumed constant, respectively. The stability factor S depends on the sense of vertical velocity as defined by (2.5). Here *-*T0/*z is the temperature lapse-rate of the initial basic field.
Dimensionless form of the equations
Employing the length scale h, the time scale h2/* and the temperature scale (* d-* m) h, Note that asterisks * are deleted in (2.7)~(2.10) just for the sake of simplicity. Since *d>*>*m in a conditionally unstable layer under consideration, 1>*>0.
Ra is referred to as the Rayleigh parameter, because Ra * and Ra(*-1) correspond to the Rayleigh numbers in the ascending and descending regions, respectively. Pr is the Prandtl number which is fixed at unity here.
Boundary conditions
Bath the upper and lower boundaries are fixed and smooth for the convective motion while a uniform mean vertical motion is allowed to be through both the boundaries. The temperature is assumed constant at the lower boundary while a constant conductive heat flux proportional to k * is assumed at the upper boundary. The boundary conditions may affect a preferred mode of cumulus convection, as discussed by Sasaki (1970) concerning influences of thermal boundary conditions on the preferred scale of marginal convection in an absolutely unstable layer based on the perturbation analysis. Our present objective is primarily to see how the preferred mode of cumulus convection depends on the static stability and the mean vertical velocity. Possible effects of the boundary condition on the cumulus convection are left for the future study. The symmetrical conditions are adopted about the lateral boundaries x=0 and x=d. In summary, 
Computational procedure
A complete set of equations is composed of (2.14)~(2.16) with the boundary condition (2.17) and the initial condition (2.18) or (2.19). The differential equations (2.14)~(2.16) are approximated by a set of finite-difference equations and solved numerically by applying the finite-difference forms of (2.14) and (2.16) to the grid points of * and (2.15) to those of T as shown in Fig. 1 Test computations were performed by varying the horizontal grid size *x, the finite time difference *t and the number of subdivided layers n (or the vertical grid size *z) for different schemes of space and time differencings. As the result are employed the forward time differencing, the upstream space differencing for advective terms and the centered space differencing for the other terms. An example of the test computations is illustrated in Fig. 2 for Ra=104, *=0.5, w =1 and the initial condition (2 .19) in which a=0.1 and b=1. Fig. 2 shows horizontal distributions of vertical velocity at the midlevel at the quasi-steady state attained after time integration for different values of *x when values of n and *t are fixed at 8 and 0.002, respectively. It is found that the solutions obtained are almost the same each other when *x<=0.3 while the convection cells vary their size with the horizontal grid spacing *x when *x >=0.4. Similar check computations were made by varying values of *t and *z (or n). It should also be noted that smaller values of *x and *t are required for obtaining accurate enough solutions as either the ascending region decreases or the Rayleigh parameter increases.
In the following numerical experiments we adopt n=8, 0.2<=*x<=0.3 and 0.001<=*t<=0.003 for determining the preferred cumulus convection while n=12 or 16, 0.0417<=*x<=0.1667 and 0.0004<=*t< 0.001 for estimating the relevant terms of the energy equations for different sizes of convection.
Energy equations
Multiplying (2.7) by u and (2.8) by w' respectively and integrating a sum of the resulting equations over the entire domain with use of (2.10) and the boundary conditions (2.12), we obtain of A over the whole domain considered here.
[A]10 denotes the value of A at z=1 subtracted the one at z=0. The first term on the right-hand side of (4.1) expresses the production rate of the convection kinetic energy through the convective upward heat transport, the second term the dissipation rates due to viscosity and the third term the vertical flux divergence of the kinetic energy through the upper and lower boundaries due to the mean vertical motion.
Multiplying (2.9) by T' and integrating the resulting equation over the entire domain with the aid of (2.10) and (2.12), we can obtain the following equation The first term on the right-hand side of (4.5) expresses the conversion of the potential energy to the kinetic energy due to the convective and mean upward heat transport, the second term the loss of the potential energy resulted from warming due to latent heat release and the mean vertical advection of the initial basic temperature.
The third and the fourth terms indicate the production rate of the potential energy due to the thermal diffusional effect and the vertical flux divergence of the potential energy through the upper and lower boundaries due to the mean vertical motion, respectively. Asai and Kasahara (1967) and adopted an assumption that the preferred convection transports heat most efficiently in the vertical direction. Kasahara and Asai (1967) further introduced a hypothesis that the preferred convection maximizes production of the kinetic energy. Asai (1968) conjectured that the preferred cumulus convection realizes at a minimum value of the temperature lapse-rate in a moist layer heated below. On the other hand Kuo (1965) enunciated that the preferred convection maximizes the net percentage rate of production of the available potential energy due to latent heat release using (4.3). As mentioned above, the selection hypotheses adopted so far are based on some portion of the energy equations (4.1), (4.3) and (4.5.). In the following section we will examine dependence of magnitudes of each term of the energy equations on the horizontal scale of convection. We will compare them with those for the preferred convection which is eventually attained from initial random disturbances and discuss the selection hypotheses.
Results

Preferred mode
A random temperature disturbance denoted by (2.18) is imposed to induce convective motion in the computational domain with a horizontal scale wide enough to determine a possible preferred convection.
An amplitude of the initial disturbance is taken to be as small as possible to avoid a serious influence of the imposed initial disturbance on properties of the final steady convection (e.g., Ogura, 1971 ) except cases with mean descending current which require initial disturbances having rather a little larger amplitude to overcome the descending current. Fig. 3 shows the horizontal distributions of vertical velocity at the mid-level at different time steps for the case of Ra=104, *=0.5, w=1, d=24 and a=10-3. Convective motions of irregular and smaller sizes observed at an early stage tend to reduce their variety and shift toward larger sizes as time elapses and prevalence of a definite size of convection is finally shown in the steady state. Similar features could be observed for different types of random function R and different values of a ranging from 10-9 to 1 imposed as initial temperature disturbances.
Let us define a spacing between neighbouring maximum and minimum of vertical velocity at the mid-level as a convection-cell size, l, which may be regarded as a half wavelength of convection. size convective motions are generated just after random temperature disturbances are imposed. Since the generated convective motions in the early stage are overcome by the mean ascending motion, the convections may behave before t~0.2 similarly to those in an absolutely unstable layer which are characterized by l~1. prevalence of a definite mode of convection, l3 .2 and *~0.2, can be obtained for the same case as the above except no mean vertical motion, w=0.
The frequency distribution for this case, however, does not show so sharp a peak as for the case of w=1 shown in Figs. 4 and 5. An examination performed for convection in an absolutely unstable layer without latent heat release due to condensation of water vapor is described in Appendix comparing with that in a conditionally unstable layer concerned here.
Thus we can determine a preferred mode of convection having a definite size of cell and a definite area ratio of an ascending region to the entire region which is prevalent in a quasi-steady state attained after a random disturbance is given initially. Slight differences in the preferred size of convection cell can be noticed from one another for different values of d which are taken not greater than 24. An inaccuracy associated with the preferred size of convection above determined is within d/N2 where N is a number of convection cells in the domain of the horizontal scale d.
For a reference is shown the structure of the preferred convection cell under the condition of Ra=104, *=0.5 and *=0 in Fig. 7 . Solid lines with arrows are streamlines of the convection and broken lines are contours of vertical velocity of the convection. Dotted lines are contours of temperature deviation from the initial basic temperature.
5.2 Dependence of the preferred mode on parameters Fig. 8 shows variations of l and * of the preferred convection cell with a value of w for Ra=104 and *=0.5.
The preferred size of con- vection cell decreases from 3.2 to 2.0 when the mean ascending current increases from 0 to 1, while it increases rapidly as the mean descending current increases. On the other hand the preferred area ratio of convection cell increases from 0.20 to 0.41 when the mean ascending current increases from 0 to 1, while it decreases approaching to zero as the mean descending current increases. An increase in * with w is similar to those obtained by Cressman (1946) , Kasahara and Asai (1967) and others. Fig. 9 shows dependence of l and * of the preferred convection cell on * for two different values of w=0 and w=1 at the fixed value of Ra=104. As * decreases, that is, the stratifica-domain in which only one cell of convection is observed for an initial disturbance given by (2.19). We can have a number of different sizes of the steady convection which may differ from the preferred convection by varying the initial disturbance and the corresponding domain. Fig. 9 Variations of the horizontal scale (solid line) and the area ratio (broken line) of the preferred convection with * for different values of w and Ra=104.
tion is less unstable, l increases and * decreases monotonously for w=0. This is almost the same as the results obtained by Kuo (1965) and Asai ( , 1968 . For w=1, however, l decreases and * increases rapidly as * decreases when * is smaller than around 0.4. The reason for this is that a pretty large area of convective descending current overcome by the mean ascending current results in a rapid increase of a when the stratification is less unstable than a certain critical value. An increased stabilizing effect of smaller * is cancelled out by a decreased stabilizing one of smaller descending current and then the preferred size of convection decreases.
The preferred mode and its selection hypothesis
Some hypotheses on selection of a preferred mode of cumulus convection proposed so far are fairly well coincident with the result obtained above. It is difficult, however, for them to be compared quantitatively with each other because the models employed are different from each other. Here we examine variations of magnitude of each term of the energy equations (4.1), (4.3) and (4.5) relevant to the selection hypotheses with a horizontal size of convection cell. In order to do this we obtain a steady convection in a Now it is first shown in Fig. 10 that magnitude of each term of the kinetic energy equation (4.1) varies with the horizontal size of the steady convection obtained in such a way as mentioned above for the case of Ra=104, *=0.5 and 1 for which the preferred convection has the cell size of about 2.0. The solid, broken, dotted and chain lines indicate the convection kinetic energy, the vertical heat transport due to convection, the viscous dissipation, and the vertical flux divergence of the kinetic energy through the upper and lower boundaries due to the mean vertical motion, respectively. As is seen in Fig. 10 , all of the terms increase their magnitudes with an increase in the size of the steady convection. This does not support the selection hypothesis that the preferred convection takes a maximum value of the kinetic energy or the upward heat Fig. 11 Variations of magnitudes of the conversion terms in the available potential energy equation and the available potential energy with the horizontal scale of convection for Ra=104, *= 0.5 and w=1. transport, or a minimum value of the viscous dissipation. Fig. 11 shows variation of magnitude of each the terms of the available potential energy equation (4.3) with a horizontal size of the steady convection. The solid, broken, dotted and chain lines indicate the available potential energy, the production rate of the available potential energy due to the vertical heat flux, the diffusive dissipation, and the vertical flux divergence of the available potential energy through the upper and lower boundaries due to the mean vertical motion, respectively. Each of them has no maximum in the range of the size of convection examined in the same fashion as in Fig. 10 . Thus we cannot say the selection hypothesis that the preferred convection has either a maximum available potential energy or a maximum production rate of the available potential energy is applicable.
Finally variations of magnitude of each the terms of the potential energy equation (4.5) with the size of the steady convection are shown in Fig.  12 . The solid line denotes the potential energy (-P), and the broken and chain lines the con- sumption rates of the potential energy due to the vertical heat transport and to the latent heat release and mean vertical temperature advection. Both the terms of the thermal diffusion and the vertical flux divergence of the potential energy through the upper and lower boundaries which happens to be equal to each other in this case are denoted by the dotted line. It is found that the potential energy has its minimum while the other four terms have their respective maxima within the range of sizes of possible steady convection. The horizontal scale of the preferred convection, 2.0, is coincident with that of the convection for which the potential energy is at the minimum. the potential energy. Thus the potential energy is reduced most efficiently by the convection for which a sum of all the potential energy consuming terms is a maximum. It is thus concluded that a preferred convection in the steady state is the one which appears at a minimum level of the potential energy. It is seen from Fig. 16 that the mean temperature lapse-rates defined by <*>*- [T] 10 also have their minima around the horizontal sizes of convection, l=2 for w =1 and l=3 for w=0, which are the pre- This supports the selection hypothesis that the preferred convection minimizes the temperature lapse rate of the layer employed by Asai (1968 Al and A2 show numbers of occurrence of the cell size, l, at different times elapsed after the initial for the two cases of a=10-9 and a=1, respectively. Convective motions grow exponentially with time until t~0.4 and then tend to have a sharp frequency spectrum with a peak at l~0.8, at which the linear theory predicts a maximum amplification rate, for the very small initial perturbation of a=10-9 as is shown in Fig. Al . While a preferred size of convection cell shifts toward larger and remains finally at l~1.2 for the initial disturbance with the very large amplitude of a=1. The solid, broken and dotted lines denote the potential energy (-P), the consumption rate of the potential energy due to the vertical heat transport (RaPr-1<Tw>) and the production rate of the potential energy due to thermal diffusion through the upper and lower boundaries which the potential energy attains a minimum value is coincident with that of the preferred convection cell for the initial disturbance having a large amplitude such as a=1. It is thus summarized for two-dimensional convection in an absolutely unstable layer that a preferred size of convection cell agrees with the size at which linear theory predicts the maximum amplification rate of convection when a small random disturbance is imposed initially, whereas it is coincident with the one at which the potential energy of the layer has its minimum value when the initial disturbance has so large amplitude that non-linear process is important even at an early developing stage.
On the contrary a preferred mode of cumulus convection in a conditionally unstable layer is determined as the one which appears at a minimum value of the potential energy regardless of magnitude of initial disturbances as described in Section 5. It is conjectured that in an early developing stage when non-linear processes are negligible, convections in an absolutely unstable layer vary their amplification rate greatly with the cell size and are subjected to size selection, whereas cumulus convections in a conditionally unstable layer vary slightly their amplification rate with the size larger than a certain value and are rather free from size selection.
